Chloroplast and mitochondrial DNA encodes genes that are essential for photosynthesis and respiration, respectively. Thus, loss of integrity of the genomic DNA of organelles leads to a decline in organelle function and alteration of organelle genetic information. RECA (RECA1 and RECA2) and RECG, which are homologs of bacterial homologous recombination repair (HRR) factors RecA and RecG, respectively, play an important role in the maintenance of integrity of the organelle genome by suppressing aberrant recombination between short dispersed repeats (SDRs) in the moss Physcomitrella patens. On the other hand, MutS homolog 1 (MSH1), a plant-specific MSH with a C-terminal GIY-YIG endonuclease domain, is involved in the maintenance of integrity of the organelle genome in the angiosperm Arabidopsis thaliana. Here, we address the role of the duplicated MSH1 genes, MSH1A and MSH1B, in P. patens, in which MSH1A lacks the C-terminal endonuclease domain. MSH1A and MSH1B localized to both chloroplast and mitochondrial nucleoids in protoplast cells. Single and double knockout (KO) mutants of MSH1A and MSH1B showed no obvious morphological defects; however, MSH1B KO and double KO mutants, as well as MSH1B GIY-YIG deletion mutants, exhibited genomic instability due to recombination between SDRs in chloroplasts and mitochondria. Creating double KO mutations of each combination of MSH1B, RECA2 and RECG synergistically increased recombination between SDRs in chloroplasts and mitochondria. These results show the role of MSH1 in the maintenance of integrity of the organelle genome and the genetic interaction between MSH1 and homologs of HRR factors in the basal land plant P. patens.
INTRODUCTION
Chloroplasts and mitochondria are energy-producing organelles. They are distinct from other organelles as they have their own genomic DNA and double membranes. Plant chloroplast and mitochondrial genomes are generally 100-200 kb and 100-1000 kb, respectively, and form single circular structures (Smith and Keeling, 2015) . In land plants, chloroplast DNA is structurally conserved with a pair of characteristic large inverted repeats that divide the genome into large single-copy and small single-copy regions. Active homologous recombination occurs between the inverted repeats (Green, 2011) . By contrast, mitochondrial genomes are varied in structure, and are mostly present as linear DNAs and small circular and branched molecules (Morley and Nielsen, 2017) . With the exception of some angiosperm mitochondrial genomes, organelle genomes are compact compared with ancestrally related cyanobacterial or alpha-proteobacterial genomes because most genes have been transferred to the nucleus during evolution. However, organelle DNA still encodes genes essential for photosynthesis or respiration, as well as for gene expression in the organelles.
The moss Physcomitrella patens is a model basal land plant. Its nuclear genome sequence can be modified by gene targeting (Schaefer, 2002) and has been sequenced (Rensing et al., 2008) . Physcomitrella patens chloroplast and mitochondrial genomes are 124 kb (Sugiura and Sugita, 2004) and 105 kb (Terasawa et al., 2007) , respectively, and the mitochondrial genome is unlikely to be structurally varied because of the absence of long repeats (>1 kb) seen in angiosperms (Odahara et al., 2009) . Reverse genetic analysis identified nuclear genes involved in organelle genome stability in P. patens. RECA is a plantspecific ortholog of the bacterial recombinase RecA, which plays a crucial role in homologous recombination repair, especially in the repair of stalled or collapsed replication forks. Physcomitrella patens has two RECA genes, RECA1 and RECA2, and their products localize to mitochondria and chloroplasts, respectively Inouye et al., 2008) . Knockout (KO) of RECA1 leads to defects in plant growth and mitochondria, and causes gross rearrangements of the mitochondrial genome induced by recombination between short dispersed repeats (SDRs) of 13-79 bp (Odahara et al., 2009 (Odahara et al., , 2015b . Knockout of RECA2 leads to a modest growth defect and induces chloroplast genome instability due to recombination between SDRs of 13-63 bp (Odahara et al., 2015a) . These organelle SDRs are often imperfect and are distinct from the long repeats in organelles, such as the large inverted repeats found in chloroplasts. Knockout of RECA2 also leads to impairment of recovery from DNA damage of chloroplast DNA by methyl methanesulfonate (Odahara et al., 2015a) . RECG is a plant-specific ortholog of the bacterial DNA helicase RecG, which can drive the branch migration of recombination intermediates (Whitby et al., 1993) . RECG localizes to both chloroplast and mitochondrial nucleoids. Knockout of RECG causes growth defects and abnormal ultrastructure of chloroplasts and mitochondria, and leads to instability of the organelle genome due to induced recombination between SDRs of 12-63 bp in chloroplasts and 8-79 bp in mitochondria (Odahara et al., 2015b) .
Eukaryotes have several MutS homologs (MSH), which are homologous to the bacterial mismatch recognition protein MutS involved in mismatch DNA repair (Culligan et al., 2000) . Unlike yeast MSH1, plant MSH1 has a C-terminal GIY-YIG endonuclease domain (Abdelnoor et al., 2003 (Abdelnoor et al., , 2006 . MSH1 was originally identified as chloroplast mutator (CHM) because of the mutant's variegation phenotype, but the chm mutants were subsequently shown to have rearrangements of mitochondrial DNA (Martinez-Zapater et al., 1992; Sakamoto et al., 1996; Abdelnoor et al., 2003) . MSH1 localizes to chloroplast and mitochondrial nucleoids, and rearrangements of chloroplast DNA, which are responsible for the msh1 variegation phenotype, are also induced in the MSH1 mutants . Mutation in MSH1 induces recombination in mitochondria between repeats of 50-556 bp with homology as low as 85%, and the recombination is sometimes associated with genomic rearrangements (Davila et al., 2011) . Mutation in MSH1 also leads to rearrangements of chloroplast loci containing numerous short repeats of 10-15 bp , yet the detailed structure of the rearranged DNA has not been determined. Thus, the role of MSH1 in chloroplast genome integrity remains poorly understood.
Here, we show that P. patens unusually possesses two MSH1 proteins that differ in terms of the presence (MSH1B) or absence (MSH1A) of the C-terminal endonuclease domain, and that KO of MSH1B leads to instability of chloroplast and mitochondrial genomes due to induced recombination between SDRs. Moreover, we identified the genetic relationship between MSH1B, RECA and RECG with regard to suppression of recombination between SDRs.
RESULTS

Physcomitrella patens has two functional MSH1 genes
To analyze MSH1 in P. patens, we performed a BLAST search against the P. patens nuclear genome sequence (Rensing et al., 2008) using the A. thaliana MSH1 protein sequence as a query. The analysis identified two loci encoding proteins with high similarity to the Arabidopsis MSH1 protein sequence ( Figure S1a and b in the Supporting Information), and we named them MSH1A and MSH1B. Rapid amplification of cDNA ends (RACE) analysis of transcripts from these loci revealed the overall structure of MSH1A and MSH1B. The sequences of both of the predicted MSH1 proteins were highly similar to the sequence of A. thaliana MSH1 except for their N-terminal parts and the C-terminal part of MSH1A. PpMSH1 proteins differed in that the C-terminal GIY-YIG endonuclease domain, a characteristic domain for plant MSH1 (Abdelnoor et al., 2006) , was truncated in PpMSH1A ( Figure 1a ). Low similarity of their N-terminal sequences predicts the existence of a presequence and/or transit peptide for targeting of PpMSH1 proteins to mitochondria and chloroplasts, respectively. Phylogenetic analysis of MSH1 homologs showed that both PpMSH1 genes belong to a plant MSH1 clade and suggests that they were derived from an ancient gene duplication (Figure 1b ).
MSH1 products localize to chloroplast and mitochondrial nucleoids
MSH1A and MSH1B have two and three in-frame AUG codons, respectively, that are candidates for translation initiation ( Figure S1a ). We conducted transient expression analysis of MSH1 products in P. patens protoplast cells by fusing MSH1 cDNA corresponding to the 5 0 untranslated region (UTR) and whole coding region to the green fluorescent protein (GFP) gene. GFP-tagged MSH1A products exhibited punctate structures in both chloroplasts and mitochondria, and the signals mostly corresponded to the chloroplast and mitochondrial nucleoids (Figure 2a-c) . Similarly, GFP-tagged MSH1B products localized to chloroplasts and mitochondria as punctate structures that corresponded to organelle nucleoids (Figure 2d-f) . These results suggest localization of MSH1A and MSH1B products to organelle nucleoids, and suggest that MSH1 proteins can act on organelle DNA.
Knockout of MSH1 genes in P. patens
Targeting of nuclear genes is efficient in P. patens (Schaefer, 2002) . To analyze the function and the relationship between the two P. patens MSH1 proteins, we constructed single and double KO mutants by gene targeting. Knockout was performed by introducing a marker gene cassette into the front part of the genes, whereby all or a large part of the MSH1 products were deleted ( Figure S2a and b) . We obtained single and double KO mutants of the MSH1 genes, and confirmed loss of the transcript from the corresponding gene by reverse transcription-PCR ( Figure S2c ). Growth comparison of the plant colonies formed on agar plates showed that the single and double KO mutants grew normally and exhibited no significant morphological defects in their protonemal cell and gametophore (Figure 3) . These results suggest that KO of both MSH1 genes leads to no significant visible phenotype in P. patens under standard culture conditions, in contrast to the MSH1 mutant in A. thaliana, which shows a variegated phenotype (Abdelnoor et al., 2003) .
Mitochondrial genome instability in MSH1 mutants
We analyzed the effect of MSH1 KO on integrity of the mitochondrial genome in P. patens. We first analyzed the configuration at the mitochondrial nad2 locus, a hotspot for rearrangements caused by recombination between SDRs of less than 100 bp in RECA1 and RECG KO mutants. Knockout of RECA1 induces accumulation of products from recombination between the 69-bp nad2-atp9 repeats, whereas KO of RECG induces accumulation of products from recombination between the 47-bp ccmF-atp9 repeats, both of which are detectable by DNA gel blot using a nad2 probe (Odahara et al., 2009 (Odahara et al., , 2015b . Gel blot analysis using a mitochondrial nad2 probe showed accumulation of 1.8 kb of rearranged DNA in the double MSH1 KO mutants ( Figure 4a ). The rearranged DNA corresponded to the product of recombination between nad2-atp9 repeats, rather than that recombination between ccmF-atp9 repeats ( Figure 4a ). The nad2-atp9 rearranged fragment was hardly detectable in the single MSH1 KO mutants or in the wild type (WT) (Figure 4a ). We next carried out quantitative PCR (qPCR) analysis of the configuration surrounding dispersed repeats R5, R11, R13 and R18 (51-57 bp), identified in P. patens mitochondrial DNA as repeats in which recombination is induced in both RECA1 and RECG KO mutants (Odahara et al., 2015b) . The number of recombination products from every repeat was higher in the MSH1B KO and double MSH1 KO mutants than in the WT, whereas the level of the recombination products in the MSH1A KO mutant was similar to or lower than that in the WT (Figure 4b ). The level of the recombination products from every repeat in the double MSH1 KO mutants was almost equivalent to that in the MSH1B single KO mutant, suggesting that MSH1A does not participate in the suppression of recombination. Deletion mutants of the MSH1B-specific GIY-YIG endonuclease domain ( Figure S3 ) showed accumulation of recombination products from every repeat that was equivalent to the accumulation in the MSH1B KO mutant (Figure 4b) . The length of the repeats involved in mitochondrial genome instability in the P. patens MSH1B KO was 51-69 bp, corresponding to those in Arabidopsis MSH1 mutants, in which recombination between 100 and 556-bp repeats was induced (Davila et al., 2011) . We next tested recombination between repeats shorter than 50 bp in the MSH1 KO mutants. We found that products from recombination between 21-bp repeats, which were confirmed by direct sequencing of the products ( Figure S4 ), accumulated in the MSH1B KO and MSH1A MSH1B double KO mutants (Figure 4c) , suggesting an involvement of shorter repeats in the instability of the mitochondrial genome in MSH1B mutants.
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Chloroplast genome instability in MSH1 mutants
Mutation in Arabidopsis MSH1 induces genomic rearrangements in the chloroplast locus containing repeats shorter than 20 bp , which is also destabilized in a mutant of whirly, a single-strand DNA-binding protein (Marechal et al., 2009) . However, it is unclear whether such short repeats are directly involved in the mutant's chloroplast (cp) DNA rearrangements. We thus conducted qPCR to analyze recombination products between SDRs that are involved in chloroplast genome instability in RECA2 and RECG mutants (Odahara et al., 2015a,b) . The chloroplastic repeats IR-1 (63-bp inverted repeats) and DR-1 (48-bp direct repeats), which are located at trnG and rpl16, and psaA and psaB, respectively, were subjected to qPCR analysis. Accumulation of recombination products from IR-1 and DR-1 was higher in MSH1B, but not in the MSH1A KO mutant, than in the WT, and the level of accumulation was nearly equivalent between MSH1B KO, GIY-YIG deletion mutants and MSH1A MSH1B double KO mutants (Figure 5a ). These results indicate that KO of MSH1B induced accumulation of cpDNA products from recombination between SDRs, and suggest that inactivation of the MSH1B GIY-YIG domain is enough for the accumulation of recombination products. Next, we focused on recombination between dispersed repeats shorter than 35 bp. PCR analysis showed accumulation of recombination products from 34-and 28-bp repeats in the MSH1B KO and MSH1A MSH1B double KO mutants, whereas these products were rare or undetectable in the MSH1A KO mutant and the WT (Figures 5b and S4) . Collectively, these PCR results suggest that KO of MSH1B leads to instability of the chloroplast genome induced by recombination between SDRs.
Genetic relationship between MSH1B, RECG and RECA2
Since MSH1B is involved in the suppression of recombination between SDRs in organelles as well as RECG in organelles and RECA2 in chloroplasts, we tested the genetic relationship between MSH1B, RECG and RECA2 in P. patens. We first constructed a MSH1B RECG double KO mutant and compared it with each single KO mutant to analyze their relationship with regard to organelle genome instability. Construction of a MSH1B RECA1 double KO mutant failed. The qPCR analysis of products from recombination between mitochondrial 62-bp IR-1 repeats, hotspots for recombination induced by mutation in RECA1 or RECG (Odahara et al., 2009 (Odahara et al., , 2015b , showed accumulation of recombination products in MSH1B KO mutants (Figure 6a) . Levels of mtIR-1 recombination products were much higher in MSH1B RECG double KO mutants than in MSH1B or RECG single KO mutants (Figure 6a) , demonstrating a synergistic effect of MSH1B and RECG mutations on the accumulation of the mitochondrial recombination products. Similar qPCR analysis of products from recombination between chloroplastic repeats showed that the level of accumulation of cpIR-1 recombination products in the MSH1B KO was markedly lower than in the RECG KO; however, that of cpDR-1 recombination products in the MSH1B KO was higher than in the RECG KO (Figure 6b) . We also observed a synergistic effect of MSH1B and RECG mutations on accumulation of recombination products with respect to cpDR-1, but not to cpIR-1 (Figure 6b ). Next, we knocked out MSH1B or RECG in the RECA2 KO background, and analyzed recombination between repeats in the chloroplast genome. The accumulation levels of cpIR-1 recombination products in MSH1B KO mutants were almost equivalent to those in RECA2 KO mutants and equivalent to or slightly higher than those in MSH1B RECA2 double KO mutants (Figure 6c ). The level of cpIR-1 recombination products was lower in the RECG RECA2 double KO mutants than in the RECG KO mutants (Figure 6c) . These results, together with the result from the MSH1B RECG double KO mutants, suggest that there is no significant additive or synergistic increase in cpIR-1 recombination products between MSH1B, RECA2 and RECG, while RECA2 KO suppressed accumulation of cpIR-1 recombination products in RECG KO mutants. By contrast, qPCR analysis of cpDR-1 showed that recombination products were higher in the MSH1B RECA2 and RECG RECA2 double KO mutants than in the single KO mutants (Figure 6c) , as was the case for the MSH1B RECG double KO mutants versus single KO mutants (Figure 6b ). These (a) The number of products from recombination between short dispersed repeats in MSH1 mutant chloroplasts. The relative number of DNA products from recombination between SDRs (cpIR-1 and cpDR-1) and ndhH was measured by quantitative PCR and normalized to nuclear actin DNA. Data for technical replicates are expressed as means AE SD (n = 3). (b) Recombination products involving short (<35 bp) repeats in MSH1 mutant chloroplasts. DNA products from recombination between cp-1 or cp-2 repeats were analyzed by PCR. Actin was amplified as an internal control. Filled triangles indicate expected products from the repeats. The number of products from recombination between short dispersed repeats (SDRs) in MSH1 mutant mitochondria. The relative number of DNA products from recombination between SDRs (R5, R11, R13 and R18) and rpl2 was measured by quantitative PCR and normalized to nuclear actin DNA. Data for technical replicates are expressed as means AE SD (n = 3). (c) Recombination products involving short (<35 bp) repeats in MSH1 mutant mitochondria. DNA products from recombination between mt-1 repeats were analyzed by PCR. Actin was amplified as an internal control. The filled triangle indicates expected products from the repeats.
results suggest a synergistic effect of combining MSH1B, RECA2 and RECG mutations on the accumulation of cpDR-1 recombination products.
DISCUSSION
Here, we addressed the role of a plant-specific MutS homolog MSH1 in the basal land plant P. patens. Physcomitrella patens exceptionally possesses two MSH1 genes, MSH1A and MSH1B, that differ in their C-terminal structures: the C-terminal GIY-YIG endonuclease domain is absent in MSH1A. Since MSH1 exists as a single copy with the C-terminal endonuclease domain in plants from green algae to angiosperms, P. patens MSH1A may have lost its endonuclease domain by mutations following a gene duplication event or by incomplete gene duplication. Tagging MSH1 proteins with GFP showed that each of the products localizes to both chloroplast and mitochondrial nucleoids. This suggests that P. patens MSH1A and MSH1B, like A. thaliana MSH1, are nucleoid proteins that act on DNA in chloroplasts and mitochondria (Xu et . In contrast to the variegated phenotype of A. thaliana MSH1 mutants, which is brought about by depletion of MSH1 in chloroplasts , the P. patens MSH1 double KO mutant showed no obvious visible phenotype. However, we obtained evidence of instability of organelle genomes in the P. patens MSH1 KO mutants. In MSH1 KO mitochondria, the genome was destabilized by induction of recombination between short repeats (21-69 bp) scattered throughout the genome, although the efficiency of the induction was lower than that in RECA1 and RECG KO mitochondria (Figures 4a and 6a ; results are summarized in Table S1 ). Except for the nad2-atp9 repeats, the levels of accumulation of recombination products from these repeats were similar between MSH1B KO and MSH1A MSH1B double KO mutants, but were lower (WT level) in MSH1A KO mutants. This suggests that MSH1B suppresses aberrant recombination between many kinds of SDRs, whereas MSH1A suppresses recombination between only a fraction of SDRs. In nad2-atp9 repeats, in which the level of accumulation of recombination products in MSH1 double KO mutants exceeded that in MSH1B KO mutants, MSH1A may suppress recombination, having functional redundancy with MSH1B. On the other hand, the MSH1B KO mutant showed similar levels of accumulation of SDR recombination products as MSH1B GIY-YIG deletion mutants, suggesting that the GIY-YIG endonuclease domain is essential for suppression of recombination between SDRs in mitochondria, whereas its deletion might destabilize MSH1B protein. The weak contribution of MSH1A to mitochondrial genome stability may be due to the absence of the C-terminal GIY-YIG domain. At the mitochondrial atp9 locus, where recombination between the nad2-atp9 or ccmF-atp9 repeats is induced by KO of RECA1 or RECG, respectively (Odahara et al., 2015b) , MSH1B KO induced recombination between nad2-atp9 repeats, suggesting that MSH1B and RECA1 act in the same pathway to suppress aberrant recombination in mitochondria. Epistatic analysis should help determine how the functions of these two factors are related in the suppression of aberrant recombination, although so far we have been unsuccessful in obtaining a double KO mutant. On the other hand, recombination between most of the tested repeats was induced by KO of MSH1B or RECG, and the levels of mtIR-1 recombination products were synergistically increased in the MSH1B RECG double KO, suggesting that a functional relationship exists between MSH1B and RECG according to recent understanding of synergy in genetic interactions (Perez-Perez et al., 2009) . It is also possible that the pathways are independent but that their functions converge at a particular step in the suppression pathway.
We found that the chloroplast genome was also destabilized by recombination between SDRs of 28-63 bp in MSH1B mutants (summarized in Table S2 ). The level of accumulation of the recombination products in MSH1B KO mutants was almost equivalent to that in MSH1A MSH1B double KO mutants, while that in MSH1A KO mutants was similar to that in the WT. This suggests that MSH1B, but not MSH1A, suppresses recombination between SDRs in chloroplasts. In addition, the level of accumulation of the recombination products in MSH1B KO mutants was almost equivalent to that in MSH1B GIY-YIG deletion mutants, as was the case for mitochondria. Collectively, these results suggest that the GIY-YIG domain of MSH1B is essential for suppression of recombination in chloroplasts, and this can explain the lack of contribution of MSH1A to the suppression.
We found that, similar to RECG or RECA2 KO mutants, MSH1B KO mutants had more products of recombination between chloroplast SDRs than the WT. Interestingly, the level of accumulation of cpDR-1 recombination products in MSH1B KO mutants was highest, but that of cpIR-1 recombination products in MSH1B KO mutants was lowest, between these KO mutants ( Figure 6c ). This may reflect repeat preference of these factors for suppressing recombination. Moreover, we showed that cpDR-1 recombination products were synergistically increased in all the double KO mutants compared with the single KO mutants. These genetic interactions suggest functional relationships between MSH1B, RECA2 and RECG, and that their suppression pathways are independent but converged into a node, as proposed in mitochondria. On the other hand, a synergistic effect was probably absent between these genes with regard to the level of accumulation of cpIR-1 recombination products. Moreover, suppression of accumulation of cpIR-1 recombination products by RECA2 KO in a RECG KO background complicates their relationship. The suppression pathway may be different depending on the properties (e.g. sequence, length, direction and location) of each repeat.
Our results suggest that P. patens MSH1B maintains chloroplast and mitochondrial genome stability by suppressing recombination between SDRs of 28-63 and 21-69 bp in chloroplasts and mitochondria, respectively. Although the biochemical properties of the plant MSH1 protein are largely unknown, MSH1 has a conserved MutS domain I that recognizes mismatched DNA pairs (Obmolova et al., 2000) . Escherichia coli MutS acts to prevent recombination between homologous sequences containing some mismatches, probably by rejecting formation of heteroduplex DNA (Marinus, 2012) . MSH1B may suppress recombination between short repeats by recognizing mismatch pairs that would be formed around the short repeats.
Our results from MSH1B deletion mutants suggest that the GIY-YIG endonuclease domain is essential for the suppression, and A. thaliana point mutation analysis also shows that the GIY-YIG domain is essential for the suppression of recombination between repeats (Abdelnoor et al., 2006) . The C-terminal GIY-YIG endonuclease domain may play an important role in suppression of recombination by cooperating with the mismatch recognition domain. Physcomitrella patens RECA and RECG are thought to suppress recombination between SDRs during the repair of stalled or collapsed replication forks (Odahara et al., 2009 (Odahara et al., , 2015a , corresponding to the roles of RecA and RecG in bacteria. Given the genetic relationship between MSH1B and RECA2 and between MSH1B and RECG, MSH1B may suppress recombination between short repeats during the repair of stalled or collapsed replication forks.
In our analysis, we found only a minor effect of MSH1A KO on organelle DNA. This may be due to loss of the C-terminal GIY-YIG domain. MSH1A may suppress recombination between specific repeats as a co-factor of MSH1B. Deep sequencing of mutant organelle genomic DNA might help elucidate the exact role of MSH1A in organelles.
We showed that recombination between SDRs in organelles is induced by KO of MSH1B, RECA or RECG, but the effect of gene KO on the accumulation of recombination products varies depending on the type of repeat. This may be due to the effect of position, direction and sequence/ secondary structure of the repeats on the recombination induced by the KO of these genes. Future analysis dissecting these repeat features will reveal the individual roles of MSH1, RECA and RECG in maintaining the integrity of the of organellar genome.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
Physcomitrella patens Bruch & Schimp subsp. patens was used in this study. Protonemata of P. patens were cultivated on BCDAT agar medium (Nishiyama et al., 2000) with or without 0.5% glucose at 25°C under constant white light. Growth rate comparisons were performed as described in Odahara et al. (2009) for 4 weeks.
Extraction of DNA and RNA
Genomic DNA and total RNA were extracted using the cetyl trimethyl ammonium bromide (CTAB) method (Murray and Thompson, 1980 ) and the RNeasy Plant Mini Kit (Qiagen, http://www. qiagen.com/), respectively, from protonemal cells cultivated on BCDAT agar medium with glucose for 4 days after homogenization and inoculation.
Reverse transcription and RACE analysis of MSH1 genes
After treatment of RNA with TURBO DNase (Thermo Fisher Scientific, https://www.thermofisher.com/) to remove residual genomic DNA, reverse transcription was performed using total RNA, random hexamers and ReverTra Ace reverse transcriptase (TOYOBO, http://www.toyobo-global.com/). The RACE procedure was performed according to Hiwatashi et al. (2001) using total RNA. MSH1A and MSH1B sequence data can be found in the GenBank/ EMBL database under accession numbers LC208797 and LC208798, respectively.
Sequence analysis of MSH1
Sequences of MSH1 proteins were aligned by ClustalX2 (Larkin et al., 2007) , and the conserved sequences were used for construction of the phylogenetic tree. Conserved domains of MSH1 proteins were identified by NCBI Conserved Domain Search (Marchler-Bauer et al., 2015) .
Fluorescence microscopy of MSH1-GFP MSH1 cDNA sequences corresponding to the 5 0 UTR and coding region amplified by primers P1 and P2 (primers are listed in Table S3 ) for MSH1A, and P3 and P4 for MSH1B, were fused in frame to the N-terminus of the sGFP (S65T) gene and expressed under control of the E7113 promoter (Mitsuhara et al., 1996) . The resulting plasmid was introduced into P. patens protoplast cells by PEG-mediated transformation according to Nishiyama et al. (2000) . Protoplast cells incubated at 25°C for 1 day in the dark were stained with 125 nM Mito-Tracker Orange (Molecular Probes, http://www.thermofisher.com/jp/ja/home/brands/molecular-probes. html) or 1 lg ml À1 DAPI (4 0 ,6-diamidino-2-phenylindole), and then observed with an epifluorescence microscope (Axio Imager 2, Zeiss, http://www.zeiss.com/).
Knockout and deletion mutation of the MSH1 gene
To prepare the MSH1A KO construct pMAK165, fragments of the MSH1A gene were amplified using primers P5 and P6 to obtain the 5 0 region, and P7 and P8 to obtain the 3 0 region. The fragments were then inserted either side of the nptII cassette of pTN3 (Nishiyama et al., 2000) . To prepare the MSH1B KO construct pYO24, fragments of the MSH1B gene were amplified using primers P9 and P10 to obtain the 5 0 region, and P11 and P12 to obtain the 3 0 region. The fragments were then inserted either side of the hpt cassette of pTN186 (Addgene, https://www.addgene. org). pYO30 was prepared by replacing the aph4 cassette of pYO24 with the nptII cassette. To prepare the MSH1B GIY-YIG deletion construct pYO28, fragments of the MSH1B gene were amplified using primers P13 and P14 to obtain the 5 0 region, and P15 and P16 to obtain the 3 0 region. The fragments were then inserted either side of the hpt cassette of pTN186. pMAK124 (Odahara et al., 2009), pINO25 (Odahara et al., 2015a) and pMSD202 (Odahara et al., 2015b) were used to knock out RECA1, RECA2 and RECG, respectively. These plasmids were linearized before the transformation. Moss transformation was performed according to Nishiyama et al. (2000) . The transformants were selected on medium containing G418 for nptII or hygromycin B for hpt.
Genotyping of MSH1 genes was performed by PCR with primers P17 and P18 for MSH1A KO, P19 and P20 for MSH1B KO and P21 and P22 for MSH1B GIY-YIG deletion mutants. The RT-PCR analysis of MSH1 genes was performed by PCR with first-strand cDNA and primers P23 and P24 for MSH1A, P25 and P26 for MSH1B and P27 and P28 for actin.
DNA gel blot analysis
Total genomic DNA digested with EcoRI was separated on a 0.7% agarose gel and blotted onto a nylon membrane. A probe for nad2 was prepared by PCR using the PCR DIG Probe Synthesis Kit (Roche, http://www.roche.com/) and the primers P29 and P30. Hybridization of the probe was performed at 37°C, and the membranes were washed in 29 SSC with 0.1% SDS at 25°C and 0.59 SSC with 0.1% SDS at 65°C. Detection of the DIG-labeled probes was performed with Anti-DIG-Alkaline Phosphatase (Roche) and AttoPhos (Promega, http://www.promega.com/).
PCR analysis of organelle DNA
The qPCR analyses of DNA generated by recombination between repeated sequences were performed using total genomic DNA and the following primers: P31 and P32 for R5, P33 and P34 for R11, P35 and P36 for R13, P37 and P38 for R18, P39 and P40 for mtIR-1, P41 and P42 for rpl2, P43 and P44 for cpIR-1, P45 and P46 for cpDR-1, P47 and P48 for ndhH, and P49 and P50 for actin. The Applied Biosystems 7500 Fast Real-Time PCR System and Power SYBR Green Master Mix were used to perform qPCR (Applied Biosystems International, http://www.appliedbiosystems.com/).
Standard PCR analysis was performed using primers P51 and P52 for mt-1, P53 and P54 for cp-1, P55 and P56 for cp-2 and P57 and P58 for actin. The PCR analysis was performed in the exponential amplification phase using equal amounts of template genomic DNA, and the quantity of amplification products was compared using ethidium bromide staining.
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